We have used the Stern-Gerlach deflection technique to study magnetism in chromium clusters of 20-133 atoms. Between 60 K and 100 K, we observe that these clusters have large magnetic moments and respond superparamagnetically to applied magnetic fields. Using superparamagnetic theory, we have determined the moment per atom for each cluster size and find that it often far exceeds the moment per atom present anywhere in the bulk antiferromagnetic lattice. Remarkably, our cluster beam contains two magnetically distinguishable forms of each cluster size with ≥ 34 atoms. We attribute this observation to structural isomers. Even before the rise of nanoscience, atomic clusters were of keen interest to people trying to understand how the physical properties of atoms and molecules evolve with size and shape into those of bulk materials. Clusters are true many-body quantum systems, too large for exact solutions in ordinary space and too small for exact solutions in momentum space, and the properties they exhibit are often rich and complex.
In this paper, we report the results of a new Stern-Gerlach deflection study of chromium clusters in a cluster beam. Between 60 K and 100 K, all of the clusters we studied atoms) have non-zero magnetic moments and deflect toward strong magnetic field. In many cases, the clusters are too magnetic to be simple fragments of the bulk lattice. Furthermore, our cluster beam contains no less than two magnetically distinguishable forms of each cluster size with 34 atoms or more. The most plausible explanation for these magnetically distinct populations is structural isomers-clusters with equal numbers of chromium atoms but different crystal structures.
The possibility that chromium clusters occur in electronically distinguishable isomers was suggested by Nickelbein, when he observed two distinct ionization potentials for Cr 8 and Cr 18 . [28] . Knickelbein did not report on any clusters larger than Cr 25 , however, and an earlier photoelectron spectroscopy study by Wang reported no evidence for isomers between Cr 1 and Cr 55 . [29] In outline, our experiment consists of producing a collimated and temperature-controlled beam of chromium clusters, deflecting that beam with a gradient-field magnet, and determining the masses and deflections of the clusters downstream from the magnet. While the apparatus and techniques we used in the present study are similar to those used previously in our laboratory, [30] a number of technical improvements have greatly enhanced the overall sensitivity and reproducibility of the measurements. In particular, a new cluster source offers more complete control of cluster temperatures and an automated data acquisition protocol allows us to take many different measurements concurrently and thereby reduce systematic errors due to small but unavoidable long-term drifts in the apparatus.
Chromium clusters form when focused 2nd-harmonic light (532 nm) from a Nd:YAG laser vaporizes part of a chromium sample rod in the presence of a pulse of dense helium gas.
The resulting mixture of chromium vapor and helium then flows through a temperaturecontrolled tube, 2.5 mm in diameter and 150 mm long, before expanding supersonically into vacuum through a 1 mm diameter nozzle.
The long flow tube is critical to controlling cluster temperature. [31] Because the chromium/helium mixture spends ∼1 ms or more passing through this tube, there is time for cluster growth to die away and for the chromium clusters and helium gas to come into thermal equilibrium with the tube itself. The seeded supersonic expansion that subsequently produces the cluster beam is quite effective at cooling the clusters' translational temperatures 3 and is moderately effective at cooling their rotational temperatures. But the expansion is too brief and too inefficient to have any significant effect on the clusters' vibrational temperatures. For all practical purposes, the chromium clusters' vibrational temperatures remain in equilibrium with the flow tube itself.
The chromium cluster beam is collimated by two narrow slits and a chopper wheel before entering the deflecting magnet. That electromagnet is a quadrant of a quadrupole, [32] Chromium clusters, like all transition metal clusters studied previously in beams, deflect solely toward strong field. [6, 7, 8, 9, 10] Such behavior is consistent with superparamagnetism, a thermal relaxation phenomenon in which a cluster's internal magnetic moment fluctuates rapidly in orientation and explores the entire Boltzmann distribution in a time short compared to the measurement time. For an isolated cluster, vibrational modes act as the heat bath responsible for thermal fluctuations and its vibrational temperature therefore appears in the Boltzmann factor. Since the Boltzmann distribution favors orientations that are aligned with an applied magnetic field, a superparamagnetic particle exhibits a timeaveraged magnetic moment that is aligned with an applied magnetic field and that increases as that field increases.
This time-averaged magnetic moment is what our deflection experiment measures. Assuming that the cluster's superparamagnetic moment is large enough to be treated classically and that all moment orientations are equal in energy in the absence of an applied field, the time-averaged or effective magnetic moment per atom (µ eff ) is given by the Langevin func-4 tion:
where B is the magnetic field and T vib is the vibrational temperature of the cluster, which we take to be the temperature of the source. Having determined a cluster's measured magnetic moment per atom µ eff from its deflection in a specific field at a specific vibrational temperature, we invert Eq.
(1) to obtain µ, the magnitude of the cluster's true magnetic moment per atom, µ.
Because the magnetic moments of the chromium clusters were relatively small, we made all of the measurements at low temperatures (60 K to 100 K) and high fields (0.5 T to 1 T).
Over this range of temperatures and fields, we saw no deviation from superparamagnetism in any of the chromium clusters-the measured moments per atom were always consistent with Eq. (1).
We did observe, however, the separation of deflecting chromium clusters into two distinct populations, one significantly more magnetic than the other. Cr 41 , shown in Fig. 1 , is one of many cluster sizes exhibiting this behavior. When we increase the magnetic field and field-gradient, the spatial profile of Cr 41 clusters divides into two partially resolved peaks.
Each peak separately obeys Eq. (1), but with its own magnetic moment per atom, µ. About 58% of the Cr 41 clusters have µ = 0.40 ± 0.01 µ B and about 42% have µ = 1.00 ± 0.01 µ B .
We have never observed such magnetically distinguishable cluster populations in any of the other transition metals, despite considerable effort in that regard. A study of cobalt clusters performed concurrently with this chromium study observed only single deflection peaks for all cobalt clusters at all temperatures and all magnetic fields. [33] While superparamagnetic deflection peaks always broaden with increasing deflection, due primarily to the thermal statistics of finite systems, [34] so far only chromium clusters have exhibited multiple superparamagnetic deflection peaks. The most plausible explanation for these distinct populations is structural isomersclusters that differ in their underlying crystalline structures. Trivial isomers, in which individual surface atoms are shifted about, are unlikely to cause such large differences in moment or to affect such a broad range of clusters so similarly. Therefore we suggest that the two population sequences are the result of two different crystal lattices. For example, the lowmoment sequence might resemble the bcc lattice of bulk chromium and the high-moment sequence might be fcc-like, hcp-like, or even icosahedral.
In most of the low-moment chromium clusters, µ lies near or below the peak moment per atom for the SDW in bulk chromium (0.62 µ B ). The wavelength of that SDW at 78 K is about 21 bcc unit cells, so the clusters are small enough to contain just one crest of the SDW. The gradual decrease in µ with increasing cluster size could then be explained as the inclusion of more of the SDW.
The high-moment chromium clusters, however, cannot be fragments of the bulk bcc chromium crystal. Cr 58 has a µ of 1.16±0.02 µ B , making it almost twice as magnetic as bulk nickel and more than 70% as magnetic as bulk cobalt. This remarkably magnetic form of chromium exists for all clusters from Cr 34 up to at least Cr 133 , and it is possible that it exists for smaller clusters as well. While preliminary measurements showed evidence for the high-moment cluster all the way down to Cr 9 , [35] the more careful measurements presented here were only able to confirm the existence of a high-moment species for Cr 30 .
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